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Abstract
Submerged plates are widely used as breakwater device and wave energy convertor in costal and ocean engineering. It is of
practical importance to account for the effects of plate on wave transformation and nonlinear wave loads on the plate. In this
paper, a 2D fully nonlinear numerical wave flume is developed to investigate the nonlinear interactions between a regular wave
and a submerged horizontal plate by use of a higher-order boundary element method (HOBEM) based on potential theory. An
acceleration potential method is adopted to calculate the transient wave loads on the plate. The proposed model is verified against
the published experimental and numerical data for nonlinear wave scattering by a submerged plate. Then numerical tests are
performed to investigate the high free harmonics induced by the submerged plate and nonlinear wave loads on it. The second-
order analysis shows a resonant behavior which is related to the ratio of the plate length to the second beat length. The wave-load
analysis shows that the pressure on the upper surface oscillates more frequently than that on the lower surface.
© 2014 The Authors. Published by Elsevier B.V.
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1. Introduction
Due to its apparent superiorities, i.e., less relying on the bottom topography, more economical, assuring open
scenic views and exchanging seawater freely between the sheltered region and the open sea, the submerged plate has
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been widely used in coastal and offshore engineering. In some locations, without a significant tidal range, this kind
of structure is sufficient to reduce the transmitted wave energy and used as an efficient breakwater in coastal and
offshore zones (Guevel et al. 1986; Graw 1992; Rahman et al. 2006; Peng et al. 2013). The submerged plate
breakwater can be supported by different types, including a solid stem fixed on the bottom, mooring chains fastened
to the seabed, tethered float with ballasts, etc. Besides, there is a pulsating flow opposite to the wave propagation
direction below the plate, which can drive a rotating water turbine. By putting turbines under the plate, it can be
designed as a wave energy converter (Graw, 1993; Carter, 2005). A blend of breakwater and wave energy device is
also possible for a submerged plate. In the process of wave propagation and transformation over a submerged plate,
there would be relating to energy dissipation, reflection, refraction and transmission, etc. Higher bound and free
harmonic waves can be generated at the leeside due to nonlinear shoaling effect above the plate, which may induce
damage to the coastal structures and erode the coastlines. Nonlinear wave loads on the submerged plate is also an
interesting issue, which is useful for structure design. Therefore, it is of practical importance to account for the effects
of nonlinear waves on the submerged plate.
During the past several decades, numerous researches have been performed on the problem of wave interaction
with a submerged plate, analytically, experimentally and numerically. Siew and Hurley (1977) employed the method
of matched asymptotic expansions to solve the problem of a submerged horizontal plate in shallow water. McIver
(1985) considered the scattering of surface waves by a moored, submerged, horizontal plate, using eigenfunction
expansions within the finite domain. Dick and Brebner (1968) physically stated the generation of higher harmonics
induced by a submerged horizontal plate. Massel (1983) experimentally approved that the shallow water condition
produces an energy transfer from fundamental mode to higher bound waves, which are then transmitted downstream
of the step as free waves. Brossard et al. (2009) analyzed nonlinear wave scattering by a submerged plate to study
the resonant behaviour. The first-order analysis shows a resonant behaviour linked to the ratio of the plate width and
the fundamental mode wave length over the plate. The second-order analysis shows that the resonance is linked to
the ratio of the width of the plate and the bound harmonic wave length over the plate. Mirhossein et al. (2014)
simulated the interaction of solitary wave and submerged horizontal plate using SPH method. The results indicate
that, as the submergence of the horizontal plate decreases, wave energy reduces significantly. On the other hand,
with an increase in horizontal plate distance from the seabed, vertical component of wave force and its pressure
component substantially decrease. Lin et al. (2014) investigate nonlinear transformation of waves over a submerged
horizontal plate in the presence of uniform current.
In this paper, nonlinear wave-object interactions are investigated by utilizing the proposed fully numerical model.
The main goal of this work is to investigate the high free harmonics and nonlinear loads induced by a submerged
horizontal plate in a wave. This paper is structured as follows. Section 2 briefly describes the proposed HOBEM
model. In Section 3, the present model is verified against available data and the results of wave decomposition and
loads are presented and discussed. Finally, conclusions are given in Section 4.
2. Mathematical formulations
Fig. 1 Sketch of a 2D numerical wave flume
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Nonlinear wave scattering by a submerged horizontal plate is considered in a two-dimensional (2D) wave flume
as shown in Fig. 1. A Cartesian coordinate system Oxz is defined with its origin on the still water level at the left end
of the flume, and the z-axis positive upward. As seen in Fig. 1, h denotes the static water depth, hs the submergence,
B the plate breadth, W the plate thickness, ΓI the input boundary, ΓF the free surface boundary, ΓB the object and
bottom boundaries, and ΓO the output boundary. The flow motion is assumed to be irrotational and the fluid inviscid,
such that there exists a velocity potential φ in the fluid domain. The boundary value problem is governed by the
Laplace equation and velocity potential φ satisfies the Laplace equation in the computational domain Ω.
To track the instantaneous free-surface accurately, both the fully nonlinear kinematic and dynamic boundary
conditions are satisfied and a mixed Eulerian-Lagrangian method is used to describe the time-dependent free-surface
with moving nodes. To prevent outgoing wave reflection at the output boundary and re-reflection at the input
boundary, and last the model running long time, two damping layers are designed and adopted at two ends of the
numerical flume. The endmost damping zone, i.e., damping zone 2 in Fig. 1, is used to gradually absorb the wave
energy in the direction of the wave propagation. At the frontal damping zone, i.e., damping zone 1 in Fig. 1, the
damping scheme is designed to dampen only the waves reflected from the obstacle, while preserving the original
incident waves. Extra damping terms are added to both the kinematic and dynamic free-surface boundary conditions
to realize the wave dissipation. On the rigid boundaries, including the object and bottom surfaces ΓB , and the output
surface ΓO, the non-penetration boundary condition is given. On the input boundary ΓI, a second-order Stokes
analytical fluid particle velocity is applied as a feeding function. Thus, the governing equation and relating boundary
conditions can be written as follows
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where η represents the instantaneous free surface elevation from the static position, material derivative D/Dt=∂/∂t+v
∙ , v the fluid particle velocity, ηa and φa the reference values in the absence of the obstacle in the same computational
conditions, which can be determined by the second-order Stokes analytical solutions, φI the incident velocity
potential defined as the second-order Stokes solution in the present study. Damping terms μ1(x) and μ2(x) are
designed as the following (Tanizawa, 1996)
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where x1 and x2 are the start positions of damping zones 1 and 2, respectively, Lb is the length of the damping zone,
and ω is the fundamental wave angular frequency. Both angular frequency ω and wave number k satisfy the linear
dispersive relation ω2=gktanhkh.
As the above boundary value problem is simulated in the time domain, the initial water surface conditions should
be considered and the calm conditions are applied in the present study.
Based on the second Green’s identity, the above boundary value problem can be transformed in the usual manner
into the boundary integral equation as follows (Brebbia and Walker, 1980)
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where p(x, z) and q(x0, z0) are source and field points, respectively; C(p) is the solid angle coefficient which can be
conveniently and economically computed by the indirect method in the present study (Ning et al. 2010); and G is the
Green function. By using the method of images, in which the computational domain is extended by the addition of
its mirror image with respect to the bottom of the wave flume, the Green function G is
1 2
1( , ) (ln ln )
2
G p q r r
π
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in which r1 is the distance between source and fields points, and r2 is the distance between source point and the
mirror point of field point on the flume bottom.
In the present study, the described boundary surfaces in Eq.(10) are discretized with the three-node line elements
based on the quadratic shape functions which can be found in standard finite element texts such as Zienkiewicz and
Morgan (1983). Within the boundary elements, physical variables are also interpolated by the same shape functions,
i.e. the elements are isoparametric. Numerical integration is performed using Gauss-Legendre quadrature with 4
integration points within each element. Then the discretized integral equation is transformed into a system of linear
algebraic equations and solved by the Gauss elimination method. In the process of mesh division, a self-adaptive
Gauss integral method is adopted to overcome the mismatch between meshes on the plate in x and z directions due
to large ratio of its width and thickness. For the free surface re-meshed and updated, a fourth-order Runga-Kutta
scheme is adopted at each time step. Based on the horizontal coordinates of new nodes obtained by the mesh
generation, the spatial position and the potential can be calculated by interpolation of shape functions. The above
description in detail can be referred to Ning et al. (2015).
Once Eq. (8) is solved, the velocity potential on the body surface is known. Then the pressure can be obtained
based on the Bernoulli equation. And the wave loads F= {fx, fz } on the submerged plate can be calculated from the
following integral of the transient wave pressure over the wetted surface of the object (ГB).
B B
21d ( ) d
2
F pn g n
tΓ Γ
φΓ ρ η φ Γ
     

 
 
. (10)
The time derivative of velocity potential in Eq.(10) can be obtained by the acceleration potential method by
replacing it with velocity potential in Eq.(8) and solving the relating boundary integral equation again.
3. Numerical results and discussions
3.1. Wave reflection and transmission by a submerged horizontal plate
Wave reflection and transmission are firstly studied in the process of monochromatic wave transformation over
a submerged horizontal plate. As an example, the experimental case described by Brossard (2009) is considered. In
the experiment, the static water depth is h=0.2 m, the submerged depth hs=0.1 m, the length of the plate B=0.25 m,
the thickness of the plate W=0.01 m. In the present numerical simulation, the corresponding computational domain
is 13λ long (where λ=2π/k denotes wave length). Based on convergent numerical tests, it was chosen to use 260×6
meshes in the horizontal and vertical directions, respectively. The optimal mesh size on the plate surfaces are defined
as x=B/20 and z=W/2. Two damping layers of 2.0λ in length are used at the ends of flume. The numerical step is
chosen as t=T/60 and the total simulating time is 35T.
Fig. 2 gives the time series of wave elevations at specific points x=3.0 m at the weather side and x=8.0 m at the
lee side for wave period T=0.8 s and wave amplitude A0=0.01 m, respectively. It can be observed that the steady
states of surface-elevation variation are obtained after the initial responses. However, there are apparently different
wave heights and phases at weather side and lee side, which may suggest the different mechanism of wave-wave
interactions.
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Fig.2 Time series of free-surface elevation at x=3.0 m and 8.0 m for hs=0.10 m and T=0.8 s
Fig. 3 shows the comparisons of the reflection coefficient (R) of the fundamental wave and the dimensionless
second-order free harmonic wave amplitude (AF(2)/A0) predicted by the present model with the experimental data of
Brossard et al. (2009) for a range of B/Ls ,where Ls denotes wavelength above the plate. In this case, the submergence
of the plate is decreased to hs=0.07m. The two-point methods (Goda and Suzuky, 1976; Grue, 1992) are used to
obtain the reflection coefficient and separate bound and free harmonics at the lee side, respectively. The figure shows
good agreements for the reflection coefficient and the dimensionless second free harmonic wave amplitude.
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Fig. 3 Comparisons of reflection coefficient (a) and second free harmonic wave amplitude downstream from the plate (b) predicted by the
present numerical model and experimental results of Brossard et al.(2009)
From the study of Lin et al. (2014), the first-order resonance of reflection coefficient and the second-order
resonance of second free harmonic are related to the fundamental mode wave length above the plate (i.e., Ls)  and
the second beat length L(2)s (L(2)s=2π/(k(2)-2k) and (2ω)2=gk(2)tanhk(2)h), respectively. Fig.4 presents the distribution
of reflection coefficient and dimensionless second free harmonic amplitude with different plate length B at T=0.55 s
and 0.75 s for the case of Brossard et al. (2009) with hs=0.1 m, A0=0.01 m. From the figure, it can be observed that
the first-order relative resonant plate length is shorter for smaller wave period as shown in Fig.4 (a).  There are the
similar second-order relative resonant plate lengths for different wave periods as shown in Fig.4 (b). Both the
resonant reflection coefficient and second free harmonic amplitude at T=0.75 s are larger than those at T= 0.55 s,
which may be due to long wave effects in accordance with Lin et al. (2014).
Fig. 5 gives the distribution of reflection coefficients at first-order resonance versus wave period under the
different submergence. From the figure, it can be seen that the resonant reflection coefficient of the plate decreases
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with the increases of submergence under the same wave period due to most incident wave power transmitted to the
lee side. The resonant reflection coefficient increases with incident wave period under the same immersion, which
is same with that in Fig. 5(a).
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Fig. 4 Distribution of reflection coefficient and dimensionless second free harmonic wave amplitude at T=0.55 s and 0.75 s
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Fig.5 Computed reflection coefficient at resonance versus wave period under different immersions
3.2. Wave loads on the plate
Wave loads on the submerged plate are another important issue to be investigated. In the present study, the case
numerically described by Patarapanich (1984) and Nallayarasu (1994) is considered. Parameters for h=0.4 m,
hs=0.12 m, W=0.1 m, T=12.64 s and A0=0.005 m are chosen here. Fig.6 shows the variations of the normalized
horizontal wave force (|Fx|=Fx/ρgA0W) and vertical wave force (|Fz|=Fz/ρgA0B) with different relative plate length,
where Fx and Fz represent the amplitudes of wave load. The comparisons between the present numerical results and
FEM results by Patarapanich (1984) are also given in the figure. The figure shows that the present model is in a good
agreement with the published FEM results. The variations of the amplitude of the wave loads show the same trends,
i.e., oscillating between the maximum and the minimum. As the length of the plate B is much larger than the thickness
of the plate W, the horizontal force is far smaller than the vertical force. It indicates that the vertical force is prominent
in the effects of wave load.
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Fig. 6 Variations of the normalized wave loads with the relative plate length
Fig. 7 depicts the envelopes of the normalized pressure |P| on upper and lower surfaces of the plate for three
different relative plate lengths, where |P|=P/ρgA0 denotes the absolute pressure amplitude. As the plate length B is
odd times of half wave length above the plate Ls/2, the envelope of lower surface is a concave curve in the figure.
Oppositely, as B is even times of Ls/2, the envelope would be a convex curve. The envelope of upper surface is
sinusoidal and its period is in according with B/(Ls/2), which is due to multiple reflections from the both ends of the
plate.
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Fig.7 Envelopes of pressure of upper and lower surfaces of the plate
4. Conclusions
A fully nonlinear numerical scheme is implemented to model the interaction of monochromatic waves and a
submerged horizontal plate in 2D time domain. The proposed numerical method is based on potential theory and a
higher-order boundary element method with a mixed Eulerian-Lagrangian approach to update the instantaneous free
surface. The acceleration potential method is adopted to obtain the transient wave loads. Two-point methods are
adopted to obtain the reflection coefficient and separate bound and free harmonics in the transmitted waves,
respectively. The model is verified by comparing with the published numerical and experimental results. The
computed results show that potential model can capture the reflection coefficient and higher harmonics at lee side
well as what the experiment does, and the viscous influence on the transmission coefficient decreases with the
increase of submergence. The resonant reflection coefficient decrease with the increase of water depth, but increase
with the wave period. The second free harmonics have correlation with the relative second beat length at resonance.
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The pressure on the upper surface of the plate sinusoidally oscillates with period in according with B/(Ls/2) . The
pressure on the lower surface only possesses one period, whose crest or trough changes with the even or odd times
of B/(Ls/2), respectively.
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